Five observations involving cosmology, particle physics and cosmic rays are consistent with the hypothesis that the electron neutrino is a m 2 ν,e = −0.11 ± 0.02eV 2 tachyon. The observations consist of interpretations of published primary data and fits to those data, and in each case it is possible to compute a value for m 2 ν,e . It is found that the five values are remarkably consistent with the above cited ν e mass (χ 2 = 2.21).
I. INTRODUCTION
In two 1999 papers this author suggested the hypothesis that ν e was a m 2 ν,e ≈ −0.25 ± 0.13eV 2 tachyon, based on a pair of cosmic ray analyses. [1, 2] Here we discuss five observations based on data from CMB fluctuations, gravitational lensing, neutrino mixing, 0ν double beta decay, and cosmic rays that are consistent with that hypothesis, and which yield the revised estimate for the ν e mass of m 2 ν,e = −0.11 ± 0.02eV 2 -see a summary in Table I .
The first 1999 claim was based on a model [1] that fit the cosmic ray spectrum, assuming the knee is the threshold for proton beta decay -a process that becomes energetically allowed if the electron neutrino is a tachyon with m 2 ν,e < 0 and if E knee ≈ 1.7P eV / −m 2 ν,e .
[3] The model's essential feature was that the decay of cosmic ray protons when E > E knee , results in a decay chain: p → n → p → n → · · · that continues until the baryon's energy drops below E knee , shifting them to lower energies, and thereby (a) giving rise to the knee, and (b) a pile-up of neutrons just above it, i.e., a small peak at E = 4.5 ± 2.2P eV. [1] Neutrons, mostly point back to their sources, unlike protons whose directions are affected by the galactic magnetic field. Thus, if the baryon in the decay chain spends a significant proportion of its time as a neutron, much of its directional information should be preserved.
Moreover, the hypothesized decay chain could allow PeV neutrons to reach us from sources normally considered too distant, given the neutron lifetime. The second 1999 paper [2] claimed evidence for just such a 4.5P eV peak based on Lloyd-Evans data for Cygnus X-3. [4] Apart from skepticism of this claim, there is also much skepticism about Cygnus X-3 ever being a source of PeV cosmic rays. However, the basis of that skepticism may be poorly justified, especially if Cygnus X-3 is an episodic source, and if a weak E ≈ 4.5P eV signal needs cuts to suppress background, as discussed in detail in Appendix I of ref. [5] . Given the nature of the tachyon neutrino hypothesis, however, and the alternative explanations that existed for those earlier cosmic ray analyses the hypothesis has not been taken seriously in the cosmic ray community. It is therefore important that among the five observations only one involves cosmic ray physics.
II. OBSERVATIONS CONSISTENT WITH m 2
ν,e = −0.11 ± 0.02eV 2
The observations consist of interpretations of published primary data and fits to those data, and in each case it is possible to compute a value for m 2 ν,e . The consistency of the five observations with the stated mass value requires making a variety of explicitly stated assumptions, as discussed in what follows.
A. Dark energy and the neutrino masses
Direct tests of the masses of the neutrinos from particle physics and cosmology usually are only able to set upper limits. For example, the two most precise experiments measuring the spectrum of tritium beta decay yield m ν,e < 2eV, [6] , while in one recent investigation Davies and Moss (DM) have set an upper limit on the magnitude of the mass µ = √ −m 2 of any tachyonic neutrino that might be the source of dark energy as µ < 0.33eV. [7] DM place this upper bound on the neutrino mass using a relation they derive as:
where ∆N ν = N ν − 3, N ν being the effective number of neutrino species defined in terms of the energy densities of neutrinos and photons at the time of nucleosynthesis, T weak is the temperature of neutrino decoupling, and T nuc is the temperature at the time of nucleosynthesis. DM actually write Eq. 1 as an upper bound on µ rather than an actual value, since they use an upper bound on |∆N ν | and not an actual value. They then use Eq. 1 to cite several values of that upper bound which depend on their assumptions for the parameters.
The more conservative of their two upper bounds is found using data on CMB fluctuations, for which T nuc is replaced by T eq , the temperature at matter-radiation equality for which density fluctuations start to grow. DM use values for ∆N ν > −0.3, T eq = 0.74eV, and T weak = 0.8MeV from which they obtain µ ≤ 0.33eV. However, if we substitute in Eq. 1 a more up to date value for ∆N ν = 0.40 ± 0.17, [8] we obtain an actual value for µ rather than an upper bound: µ = 0.38 ± .08eV, or equivalently:
Published source of data or fits from which value of µ e = −m 2 ν,e is inferred * µ e in eV Dark energy calculation by Davies and Moss [7] 0.38 ± 0.08
Fits to CMB and gravitational lensing data [9, 10] 0.320 ± 0. 
B. Fits to CMB and gravitational lensing
A second observation is based on results from a 2014 article by Battye and Moss (BM). [9] BM perform fits to five data sets involving the CMB and lensing measurements in order to determine the sum of the 3 active neutrino masses, under two scenarios: (a) three active neutrinos only, and (b) a 3 + 1 scenario with an additional sterile neutrino. Very similar fits were reported about the same time by Hamann and Hasenkamp. [10] Both pairs of authors note that their fits are able to resolve a pair of discrepancies that exists between CMB and lensing data, and they obtain values that are significantly different from zero rather than merely upper limits for the sum of the neutrino masses. The BM best fit for the case of three active neutrinos only is Σm ν = 0.320 ±0.081eV, which is about 4σ from zero. BM note that given the large value found for Σm ν compared to much smaller values of ∆m 2 from neutrino oscillation experiments the neutrino masses would need to be nearly degenerate, which would apparently yield m ν,e ≈ m ν,µ ≈ m ν,τ = 1 3
(0.320) = 0.11eV. Below we discuss an alternative interpretation of their result, which allows for the possibility of some of the neutrino flavors being tachyons.
The basis of using fits to CMB and lensing data to deduce a value for Σm ν starts with the dependence of those data on the spatial energy density of neutrinos ρ ν at the time when the CMB fluctuations started to grow. The overall ρ ν can be expressed in terms of the three neutrino flavor masses and their associated number densities: ρ ν = m ν,e n ν,e + m ν,µ n ν,µ + m ν,τ n ν,τ . However, since the number densities should be all equal, given that the flavors were produced in equal abundance in earlier very high energy interactions, we have ρ ν = n ν Σm ν .
It has long been known that tachyons can have a negative energy, [11] , and that negative energy density offers a simple way to explain dark energy, [12] , one form of which might involve a sea of tachyonic neutrinos. [7, 13] A negative energy density for tachyonic neutrinos ρ ν = n ν m ν , requires that their mass m ν be considered to be negative since their spatial number density, n ν cannot be, but note that we are referring here to their gravitational mass, not their kinematic mass, which is of course imaginary. Given the foregoing, if only the electron neutrino were a tachyon the BM result would need to be written as:
Now, the measured ∆m 2 values from oscillation experiments are between neutrino mass not flavor states, where the relationship between the masses of the two types of states assuming CP conservation can be expressed as:
and conversely:
It was noted earlier that BM used the near-degeneracy of the three mass states as required by the smallness of ∆m 2 relative to Σm, to argue that the three flavor states are also nearly degenerate, which is clear from Eq. 3. However, if one or more of the three neutrino flavors is a tachyon the preceding no longer logically follows. If we were, however, to assume the magnitudes of the three flavor masses are nearly equal, i.e., m ν,µ ≈ m ν,τ ≈ µ ν,e , then Eq.
2 would imply: µ e ≈ 0.320 ± 0.08eV, or m 
which to a good approximation becomes:
where i = e, µ, τ, st. There are many ways Eq. 6 can yield two pairs of flavor states having ±m 2 masses with (e, st) constituting one pair, and hence satisfying: m experimentally is found to be very small. Based on neutrino oscillation data, for example, it is found that 1 − Σ 3 1 |U i,j | 2 < .01, [17] which is far less than the minimum value possible using Eq. 6 that can be easily shown to be 0.5. However, with three sterile neutrinos many solutions exist that have an arbitrarily small degree of active sterile mixing, and which yield three ±m 2 pairs. Consider, for example, the following 6 x 6 neutrino mixing matrix, which can be expressed in this form:
where the entries for U ij are based on the standard 3 x 3 matrix of mixing parameters found from the 3 measured mixing angles for the active neutrinos, the S ij designates the 9 mixing parameters between the 3 active and 3 sterile states, and the V ij are the mixing parameters between the mass states ν 4 , ν 5 , ν 6 . In general, the expressions for the S ij in terms of the 9 active-sterile mixing angles is messy, [18] but in the special case where we want to have all |S ij | << 1 so as to keep active-sterile mixing very small and have "minimal non-unitary," [19] we have the simple result: S ij = sinθ ij , i = 1, 2, 3, j = 4, 5, 6.
We can use Eq. 7 to find expressions for the flavor state masses in the usual way, i.e., extending the right hand side of Eq.3 to sum over six mass state masses m 
Thus, assuming a mass m Z = 0.450eV, as suggested by the BM 3+1 fit, solutions for m 2 ν,e can be found satisfying µ e = 0.450 ± 0.124eV, which are consistent with the Chodos model, and satisfy all empirical constraints, i.e., the measured three mixing angles, and very little active-sterile mixing.
D. Fine structure in the knee region of the cosmic ray spectrum
Recall that the original basis of the predicted E ≈ 4.5P eV peak was that cosmic ray protons were hypothesized to decay when E > E knee = 1.7P eV /µ e if the neutrino is a tachyon with µ e = −m 2 ν,e , which is how the 1999 estimate for µ e = 0.50 ± 0.13eV was obtained. The position of the knee for cosmic ray protons is now known to depend on cosmic ray composition, and for protons it is claimed to be E knee = 4.0 ± 1.0P eV, [21] which yields a revised value for µ e = 0.43 ± 0.11eV. The fourth observation involves the all-particle cosmic ray spectrum, as recently reported by the Tunka Collaboration, [22] which is interpreted here as providing further evidence for the predicted E ≈ 4.5P eV peak. Most earlier cosmic ray experiments exploring the knee region show merely a change in power law, i.e., a knee.
Tunka, however, in a 2013 paper reports seeing "remarkable fine structure" in the knee region and at higher energies for their all-particle spectrum -see Fig. 1 here. Tunka authors attribute the observed fine structure to a combined source model where cosmic rays around the knee are produced by the group of SN Ia remnants and the extragalactic light component (in accordance with "dip' model) arises in the energy region of 10 − 100P eV.
As noted in Fig. 1 (b) , however, the fine structure seen could also be characterized as consisting of a noticeable peak in the range E ≈ 5P eV superimposed on a straight change in power law at about 3 PeV, i.e., the knee. Assuming the peak is real, it is possible that very good energy resolution is needed in order to see it -in Tunka's case ∆E/E ≈ 15%
for E > 1P eV . [23] Indeed, if we artificially blur the Tunka data in energy corresponding to a resolution of 50% the evidence for any peak largely disappears. Moreover, as the Tunka authors note, a similar fine structure has been seen above the knee in some other recent experiments, including KASCADE Grande [24] and Ice Top. [25] See for example Fig. 8 in ref. [25] which shows the same dip Tunka sees at about 20 PeV in those two experiments -a dip that gives rise to the peak seen in our Fig. 1 (b) . Additional support for the reality of a peak in the CR spectrum at E ≈ 5P eV comes from an analysis of Tunka data (unauthorized by them) suggesting that excessive numbers of cosmic rays near this energy tend to be associated with four specific small regions of the sky having angular radii around
Although none of those regions include Cygnus X-3, this fact is not particularly worrying given the discussion in Appendix I of ref. [5] E. Neutrino-less double beta decay 0ν(ββ)
A fifth observation comes from an experiment looking for 0ν(ββ), a very rare process requiring ν e to be a Majorana particle. Recently, solutions of the tachyonic Dirac equation, originally proposed by Chodos, Hauser and Kostelecky [3] , have been studied in the helicity basis, by Jentschura and Wundt leading to a consistent description of a tachyonic spin 1/2 Dirac field. [26, 27] Chang has also worked with a tachyonic form of the Dirac equation, and shown that Majorana solutions can be constructed. [28] Thus, both Dirac and Majorana solutions are possible for tachyonic neutrinos. According to the standard theoretical mechanism involving the exchange of a light exchanged Majorana neutrino, the effective mass of the ν e in 0ν(ββ) can be inferred from the observed half-life of a decaying nucleus. Moreover, if CP is conserved the effective mass of ν e would be the same as that deduced from single beta decay. [29] The relationship between ν e mass and half-life in 0ν(ββ) is:
where G is the phase space available, m e is the electron mass and M is the nuclear matrix element. [30] Note however that the measured half-life is insensitive to the sign of m 2 ν,e . The most sensitive experiment done as of 2001 reported merely an upper limit for |m ν,e | < 0.3 − 1.0eV, [31] however, four researchers involved in that Heidelberg-Moscow(H-M) experiment have since published a series of papers reporting an actual value rather than simply an upper limit. In 2006, after 13 years of data-taking for the decay of 76 Ge, they reported a 6.4σ signal, with a half-life corresponding to |m ν,e | = 0.32 ± 0.03eV. [32] However, this has been a widely challenged result because of questions whether this rare nuclear process was in fact observed above background. In fact, the GERDA experiment, [33] and two others looking for 0ν(ββ) using 138 Xe [34, 35] A more detailed account of why the positive result is not in conflict with the negative experiments also exists. [37] If the resolution of the controversy should be in favor of the positive result, we note that the numerical value for |m ν,e | reported by the H-M researchers is quite consistent with the other four observations in Table I . On the other hand, a resolution of in favor of the negative results would, of course, not be fatal to our hypothesis, since tachyonic neutrinos need not be Majorana fermions.
III. CONCLUSIONS AND FUTURE TESTS
We have discussed five observations which are consistent with the hypothesis that ν e is a tachyon having µ ν,e = 0.34 ± .03eV or m an unacceptably large degree of active-sterile mixing, so that it is natural to suppose N st = 3. In fact, global fits to neutrino oscillation data for the cases 3 + 1, 3 + 2, and 3 + 3, do give the best fit for the 3 + 3 case. [39] 5. A direct measurement of m 2 ν,e in tritium beta decay in experiments having sufficient sensitivity performed by researchers who do not regard m 2 ν,e < 0 as being "unphysical." The 5σ discovery potential of the KATRIN tritium beta decay experiment in the case of a µ ν,e = 0.34 ± .03eV tachyon is marginal, because according to that collaboration, they should be able to discover the actual mass of the neutrino (at a 5σ level) if it exceeds 0.35 eV. [40] Thus, if the likelihood function in fitting the endpoint region is symmetric about the best value of m 2 ν this would imply KATRIN would have a roughly even chance to detect a µ ν,e = 0.34eV tachyon at the 5σ level.
6. The neutrino burst from a core-collapse galactic supernova for which the effects of neutrino time-of-flight for a µ ν,e = 0.34eV tachyon should be observable. Let us define the leading edge of the emitted neutrino pulse to comprise the first 0.01 seconds.
Consider two leading edge neutrinos emitted simultaneously having energies E 1 and E 2 > E 1 , with E 1 being the lowest energy that can reliably distinguished from background. Based on relativistic kinematics, the difference in their arrival times in the detector would be:
where t 0 is the light travel time from the supernova. For another supernova at the same distance as SN 1987a (168kly), if we let E 1 = 5MeV and E 2 = 50MeV, we would find that the lower energy neutrino arrived 0.01s before the higher energy one. Thus, on a plot of 1/E 2 vs t we should detect a noticeable slope for leading edge neutrinos. This assertion assumes a standard neutrino mass state hierarchy, and a detector with better than millisecond timing that observed thousands of ν e from a supernova at 168 kly. In the unlikely event the neutrino mass states have a highly nonstandard hierarchy the data might reveal the presence of each mass state separately, as suggested in several articles based on an analysis of SN 1987A data. [41, 42] 
